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Abstract 
Here we report on a spectro-chemical approach to investigate the adsorption of dissolved Cd ions to montmorillonite 
(M) in the presence of a mixed consortium of soil bacteria. Results indicate that the order of metal-loading was M-
microbial complex > microbial biomass > M. Surface interactions of Cd with M-microbial complex have also been 
confirmed, and we speculate that after binding to M, additional proton binding sites on microbial cells function as 
binding sites for Cd ions thereby enhancing the metal binding capacity of the mineral. There is also evidence to 
suggest that hydrogen bonding, cation bridging and ion-exchange are important mechanisms in the adsorption of 
metal ions to clay-organo complexes.  
© 2013 The Authors. Published by Elsevier B.V.  
Selection and/or peer-review under responsibility of Beijing Institute of Technology. 
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1. Introduction 
The accumulation of trace metals in the surface of cultivated soils is an important issue that must be 
considered with respect to the potential risks associated with human and ecosystem health. However, the 
bioavailability of metals and their potential as environmental pollutants is not only determined by total 
concentrations, but is also a function of their chemical form [1]. Therefore, knowledge of the interactions 
of trace elements in soils is an important prerequisite in determining their fate, distribution, bioavailability 
and toxicity while informing effective management practices to mitigate potential risks to human and 
ecosystem health. In soils, trace metal speciation is in part controlled by a large number of interactions 
with particulate and dissolved components [2]. For instance, the large surface area and other physico-
chemical properties of clay minerals such as those of the smectite group render them a considerable sink 
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for trace metals in the geosphere. Moreover, these lamellar aluminosilicates minerals are environmentally 
ubiquitous and widely occur in soils, sediments and particulate matter in the atmosphere [3].  
Montmorillonite represents one of the most common and well characterized members of the 2:1 
aluminosilicate—smectite group minerals. The crystal structure of the mineral comprises two tetrahedral 
sheets (SiO2) linked on either side of an octahedral sheet [Al(OH)3] via shared apical oxygen atoms [4]. 
Within the crystal structure of montmorillonite, only two-thirds of the available octahedrally coordinated 
sites are occupied by trivalent atoms. Isomorphic substitutions within the mineral lattice confer a 
permanent negative charge on the basal surfaces [hydroxyl (OH) and oxygen of siloxane surfaces)], 
which is balanced by hydrated exchangeable cations in the interlayers and on the mineral particle edges 
[5]. Similarly, charges are generated on the edge surfaces as a result of deprotonation or protonation of 
surface groups. Given the physico-chemical properties of montmorillonite, it is expected that the mineral 
participates in interactions through various chemical and physical mechanisms. For instance, the hydroxyl 
surfaces groups and surface oxygen of siloxane surfaces are believed to play an important role in 
hydrogen bonding [5].           
 Similarly, the biosorption of dissolved metal ions by bacteria is an important biotic factor influencing 
trace metal dynamics in soils [6-8]. Recent enumeration of soil microbial population suggests that one 
gram of forest soil contains approximately 4 107 microbial cells, whereas one gram of cultivated soils 
and grasslands contains an estimated 2 109 microbial cells [9]. Further, Simpson et al. [10] used HR-
MAS NMR spectroscopy to conclude that microbial-derived compounds in soil organic matter (SOM) far 
exceed currently accepted values and large contributions of microbial peptide/protein are found in the 
humic substance (HS) fraction. Taken in total, the abundance and ubiquity of microorganisms (living and 
dead) in soils provide an inordinate amount of reactive surfaces to influence the adsorption and 
distribution of trace metal ions in aqueous soil environments. Note, however, it remains unclear whether 
dead or living bacterial cells adsorb varying amounts of metal ions [6,11]. Generally, the adsorption of 
aqueous metal ions to bacteria is facilitated by a number of negatively charged functional groups present 
on the cell surfaces [6,12]. These interactions are further enhanced by factors such as ionic strength as 
well as bacterial growth phase and conditions [6].  
Given the metal binding capacity of clay minerals and microbes and their naturally occurring 
biogeochemical co-existence, it is therefore important to study the adsorption of trace metals to clay-
microbial complexes as a prerequisite to improving our knowledge of the speciation and bioavailability of 
metals in soils. Several studies have investigated the sorption of metals on clay or microbial surfaces as 
individual components (e.g. [8,13]). However, only a limited number of studies have explored the 
adsorption of metals to clay minerals in the presence of soil microbial biomass. Furthermore, most 
adsorption studies have focused on quantitative descriptors, such as computational methods, 
thermodynamic values and isotherm shapes, to yield empirical relationships from which mechanistic 
information is extrapolated. Meanwhile, less spectro-chemical evidence exists describing the 
complexation of metals to biotic and abiotic surfaces. In this contribution, we report on the use of a multi-
analytical approach (spectroscopic and allied analytical techniques) to directly determine the local 
environment of Cd adsorbed to montmorillonite-microbial complex. Of particular interest was 
deciphering the extent of Cd adsorption on clay-microbial complex, and the structural organization and 
mechanisms of Cd coverage on such complexes. In other words, which specific microbial structures 
and/or mineral components are most likely to be involved in the preferential adsorption of soil Cd.            
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2. Materials and methods 
2.1. Materials 
Except for montmorillonite (SWy-2), hereafter referred to as M, which was obtained from the Clay 
Minerals Society, and bacterial growth solution, all solutions were prepared from analytical grade 
reagents and ultrapure (18.2 M  cm) water that had been purged under N2 atmosphere to remove CO2. 
The bacterial inoculum was prepared from a Jamaican field sit (CARDI soil). Previously, the field site 
was used for intense agronomic experimentations, but was predominantly covered in gramineous and 
herbaceous vegetation at the time of sampling. The origin and physico-chemical properties of the field 
site are summarized in Table 1 (Unpublished data). The sampling protocol involved the use a 25-mm 
diameter clean metal core to collect 100-mm long soil cores from the top-most horizon. The cores were 
immediately transferred to sterile polyethylene bags and the bags sealed at the collection sites. Soil cores 
were transported at ambient conditions and processed within 24 h of collection. The upper 25 mm of each 
core was discarded and the cores pooled, homogenized and stored at 4°C at it its field moisture content 
for further analysis. 
 
Table 1. Origin, management history and physico-chemical propertiesa of the soil inoculum used for bacterial propagation. 
 
 
Characteristics   CARDI soil 
Origin  Caribbean Agricultural Research Development Institute 
  18º00´29.62˝N, 76º45´3.15˝W 
Mean annual temperatures  27ºC 
Mean annual precipitation  ~815 mm 
Management history            Experimental crop rotation for over 35 years  
Texture    Sandy clay loam  
% sand    55.0     
% silt    19.0     
% clay    26.0    
Total C (%)   2.89      
Total N (%)   0.18 
pH (H2O, 1:2.5)   6.85      
 
aSource: CARDI (Unpublished data).   
2.2. Bacterial growth and conditions 
Soil microbes were cultured in trypticase soy broth (TSB) supplemented with 0.5% (w/v) yeast extract 
according to a modified version of the protocol described by Borrok et al. [8]. Approximately 1 g of 
homogenized soil was used to inoculate 100 mL of growth solution and the mixture incubated at room 
temperature for 72 h with shaking at 150 rpm. The initial culture was allowed to stand overnight and a 10 
mL aliquot was removed from the flask and transferred to 1 L of growth solution of identical composition. 
Note, reinoculation was done to prevent any possible carryover of soil particles from the initial culture. 
After the initial transfer, cultures were incubated as previously described. The resultant biomass was 
harvested from the growth solution by centrifugation (10 min at 3500 rpm) and the cell pellet washed in 
ultrapure water, rinsed in 0.03 M HNO3 (to remove contaminating metal ions from the bacterial surfaces),  
and rinsed five times in fresh ultrapure water. The stringent washing procedure was adopted to eliminate 
traces of undefined organic constituents carried over from the growth solution that may result in an 
overestimation of clay-organo interactions and the adsorption of metal ions to bacterial surfaces [14]. A 
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bacterial stock suspension (10.0 g L 1; wet mass) was prepared by gentle vortexing of the cleaned cell 
pellet in ultrapure water. The cell suspension was used in adsorption experiments within 1 h. All solutions 
and laboratory glassware used in the microbial experiments were sterilized by autoclaving for 20 min at 
15 psi/121°C. Identical controls were prepared without the addition of soil. In these controls, no microbial 
growth was observed, suggesting that the microbial biomass we produced was derived exclusively from 
the soil inoculum. 
2.3. Adsorption experiment 
Batch adsorption experiments (10 mL) were carried out according to previously described protocol 
Borrok et al. [8] with the below modifications. In each biotic experiment, 1.0 g L 1 M (previously rinsed 
in 0.03 M HNO3) and/or 4.54 10 4 M Cd2+ prepared from CdCl2 (final concentration) was added to a 
freshly prepared bacterial cell suspension (at a final concentration of 1.0 g L 1). Prior to bacterial 
interactions, the pH of the clay and metal stock solutions were adjusted to pH 6.5 to eliminate acid shock 
of the cells [15]. The concentrations of metal and bacteria used here are believed to enhance the accuracy 
of the experiments. All biotic experiments were conducted under nutrient starved conditions to ensure 
metabolic inactivity and maintain constant biomass over the adsorption period. This approach also 
reduces the challenges of toxicity tolerance, cell age and nutrient requirement associated with the use of 
metabolically active organisms [16]. M-Cd adsorption experiments were carried out using identical 
concentrations. All experiments were incubated at room temperature with shaking at 150 rpm for 72 h, 
centrifuged as above, and filtered through 0.45 μm Durapore membrane filters. The supernatants of Cd-
adsorption experiments were acidified to prevent precipitation, and analyzed for Cd using flame atomic 
absorption spectroscopy. The concentration of the metal adsorbed to bacteria, M and M-microbial 
complex was determined by mass balance, by subtraction of the residual Cd concentration of the filtered 
supernatant from the initial Cd solution of 4.54 10 4 M. The analytical error associated with this 
technique was determined to be less than ± 1%. All resultant pellets were washed five times with a large 
excess of deionized water by centrifugation and the pellets freeze-dried for further analysis. Supernatants 
from the final wash  were analyzed for Cd and confirmed that the washing process was thorough.       
2.4. X-ray diffraction and scanning electron microscopy analyses  
Powdered XRD analysis of pure M, M-Cd complex, M-microbial complex and M-microbial-Cd 
complex was performed on a Bruker AXS D8 Advanced diffractometer with collimated nickel-filtered 
Cu-K  radiation (0.1543 nm), at 40 kV and 40 mA.  Scans were carried out over the 3–65 °2  angular 
range (29.7–1.7 Å) at a speed of 1°2 /min and increments of 0.02 °2  [17]. A Bruker DEFRAC 
Evaluation Data Collector and an EVA Graphics and Identification software packages were used to 
capture and process raw data. Scanning electron micrographs were acquired on a Cameca SX50 electron 
probe microanalyzer equipped with a PGT Prism 2000 energy-dispersive X-ray analyzer (EDX). Scans 
were carried out at an accelerated voltage of 20 kV and the data collected using back-scattered electron 
detector (BSE) or secondary electron detector (SE). The samples were irradiated in a beam rastered mode 
(395 x 395 μm) for chemical and elemental analysis and live counts time were 60 s.  
2.5. FT-IR analysis 
The KBr pressed disc technique was employed for infrared analysis of the samples. Thoroughly dried 
samples (~1 mg) were homogenized in 100 mg of spectroscopic-grade KBr (Sigma). Infrared spectra of 
microbial biomass, Cd-loaded biomass, M, M-complexes were recorded on a Bruker TENSOR™ Series 
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FT-IR spectrometer. Background KBr spectra were obtained and spectra ratioed to the background. 
Spectra were recorded by accumulating 128 scans (to increase the signal-to-noise ratio) in the 4000 to 400 
cm-1 mid-infrared spectral range in the absorbance mode with a resolution of 4 cm-1. To minimize 
complications arising from unavoidable spectral shifts, baseline correction was applied to all spectra 
using the automatic baseline correction method. In addition to use of thoroughly dried samples, it was 
essential to analyze the disc-like pellets immediately after preparation to minimize water absorption onto 
the hydroscopic KBr thereby reducing the possibility of chemical exchange between the clay and KBr, 
which might result in a change of the crystalline structure of the clay, as well as obscuring key signals 
from the samples [18]. To improve the spectral resolution and therefore, the spectral interpretation of 
complex overlapping bands, the original spectrum was converted into its second derivative profiles. 
2.6. High resolution magic angle spinning (HR-MAS) NMR  
Thoroughly dried microbial biomass and microbial complexes (~15 mg) were placed in a 4 mm 
Zirconium Oxide Rotor and 1 mL DMSO-d6 was added as a swelling agent in a dry atmosphere. It is 
essential to dry the samples thoroughly and use only ampoules of DMSO-d6 to prevent the appearance of 
a large solvent peak often centered at ~2.2 ppm, respectively that can obscure many of the real analyte 
signals. After homogenization of the sample using a stainless steel mixing rod, the rotor was doubly 
sealed using a Kel-F sealing ring and a Kel-F rotor cap.  1H HR-MS NMR spectra were acquired using a 
Bruker 500 MHz Avance spectrometer fitted with a 4-mm triply tuned 1H-13C-15N HR-MS probe fitted 
with an actively shielded Z gradient at a spinning speed of 10 kHz.  1H NMR was acquired while 
simultaneously decoupling both 13C 15N nuclei. Scans (256) were acquired with a 2 s delay between 
pulses, a sweep width of 20 ppm and 8 K time domain points [19]. 
3. Results and discussion 
In this study, the passive sorption of Cd to bacteria cells, M and M-microbial complex was conducted. 
Before any discussion is carried out, readers should note that full acknowledgement is given to the fact 
that laboratory adsorption experiments do not completely represent soil environmental conditions, and 
results may have differed if the experiments were conducted in situ. It is also important to point out, that 
although only a small subset of the native soil bacterial population may be cultured successfully; recent 
studies suggest that a number of bacterial species exhibit similar adsorption characteristics under standard 
laboratory conditions [20-21]. Moreover, it has also been demonstrated that the biochemical fingerprint of 
the cultivable fraction is representative of microbes that cannot be cultured [10]. Therefore, it is our belief 
that the adsorption experiments reported here may at least in part be comparable to those found in situ.  
The surface loading of Cd ions onto M, soil microbial biomass, and M-microbial complex was 
spectrophotometrically determined to be approximately 25.07, 37.56 and 44.74 mg/g, respectively. This 
would suggest that soil microbial biomass has a greater affinity than M for binding dissolved Cd ions. It 
may be expected that interactions of microbes with M would obscure or neutralize some of the active 
binding sites on the surfaces of the mineral causing a reduction of its metal binding capacity [12]. 
However, as an alternate view, we tentatively suggest that after binding to M, additional proton binding 
sites on microbial cell surfaces function as binding sites for Cd ions thereby enhancing the metal binding 
capacity of the mineral. In other words, the adsorption of microbes to M resulted in a prominent 
improvement of the physico-chemical properties (e.g. specific surface area, hydrophilicity and 
hydrophobicity) of the mineral. We also surmise that the adsorption of Cd to M-microbial complex may 
be due in part to priming. In this concept, the initial adsorption of Cd ions to microbial-derived 
functionalities facilitates the adsorption of even more Cd-ions to the existing M-microbial-Cd complex.     
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To further understand the nature of the interactions, scanning electron microscopy and the 
simultaneous chemical and elemental X-ray analysis of SEM images was performed on pure samples as 
well as the complexes, and the resulting micrographs and EDX spectra presented in Fig. 1. The scanning 
electron micrographs and associated EDX spectra provide direct evidence of the topography and 
composition of the samples and allow us to confirm the loading of Cd ions to M and microbial surfaces, 
and to elucidate the spatial co-variation of Cd with specific elements on these surfaces. The micrograph of 
the starting biomass reveals intact cells predominantly of a cocci morphology partially cocooned in what 
appears to be extra polymeric substances (EPS; Fig. 1b). Bacterial EPS is diverse in chemical 
composition (polysaccharides, nucleic acids and proteins) and could potentially produce numerous 
chemically reactive sites for the adsorption of clays [22] and dissolved Cd ions. After interactions with M 
and Cd, it now appears that the surfaces of bacterial cells are covered by miniscule fragments (Fig. 1c and 
e) that were not previously observed in the starting biomass. Chemical and elemental X-ray analysis of 
these images attributes these fragments to the presence of M and Cd on the cell surfaces. Signals 
originating from Na+ (~ 1 keV) and K+ (near 4 keV) are clearly recognized in the EDX spectra of pure M 
and microbial biomass (Fig. 1a and b). However, these signals have either disappeared of their intensity 
reduced in the spectra of the complexes (Fig. 1 c–d). This would suggest that an ion-exchange is a likely 
mechanism involved in the loading of Cd to M and microbial surfaces, and the adsorption of microbes to 
M. Similar observations have been reported for the biosorption of metal ions to fungal biomas [16]. 
Elemental X-ray analysis of SEM images also reveals spatial co-variations of microbial biomass and Cd 
with Al and Si, suggesting important roles of these mineral components in the adsorption process. We 
speculate that phosphorus (presumably from microbial phospholipids and nucleic acids) and sulfur (most 
likely from S-containing amino acids) may be important bio-components in the adsorption of metal ions 
(Fig. 1e and f).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Scanning electron micrographs and corresponding EDX spectra of (a) pure M, (b) soil microbial biomass, (c) M-microbial 
complex, (d) M-Cd complex, (e) Microbial Cd-complex, and (f) M-microbial-Cd complex.  
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To clarify the interactions of dissolved Cd ions with the phylosilicate mineral and soil microbial 
biomass, powdered XRD analysis was performed on; pure M, M-Cd, M-microbial, and M-microbial-Cd 
complexes and the resultant diffraction patterns presented in Fig. 2. The diffraction pattern of unaltered M 
is characterized by a strong narrow peak at 2  = 7.12°, corresponding to a d-spacing [d(001)] value of 12.36 
Å (Fig. 2a). After adsorption had occurred, the basal reflection peak of M-Cd complex is now positioned 
at 2  = 5.76°; M-microbial complex at 2  = 5.16°; and M-microbial-Cd complex at 2  = 4.41°, 
corresponding to basal reflection values of 15.36 Å, 17.16 Å and 20.09 Å, respectively (Fig. 2b, c and d). 
These increases in the crystal lattice spacing are indicative of the intercalation of the interlayer spaces of 
M by Cd and microbes, and are consistent with the 2:1 expanding nature of M [23]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Powdered XRD patterns of (a) pure M, (b) M-Cd complex, (c) M-microbial complex, and (d) M-microbial-Cd complex. 
The FT-IR spectra of lyophilized soil microbial biomass and that loaded with Cd are presented in Fig. 
3 and provide direct evidence of cell-metal physico-chemical interactions. Although significantly 
overlapped due to its complex biochemical nature, major organic functional groups contributing to the 
formation of characteristic absorbance peaks are clearly identified in the infrared spectra of the samples. 
For example, a strong complex absorbance peak positioned at 3427 to 3308 cm–1 is characteristic of an 
abundance of v(O—H) in proteins, carbohydrates and lipids, and v(N—H) of amides in proteins (Fig. 3a). 
After Cd-loading, this band has broadened, its intensity reduced and peak maximum shifted to 3278 cm–1, 
verifying the interaction of Cd with hydroxyl and amine groups from the biomass (Fig. 3b). The C—Hx 
stretching region (3000 cm–1 to 2700 cm–1) is attributed to alkyl groups in aliphatic structures [24]. The 
partially overlapped bands at 1655–1650 cm–1 correspond to v(C=C) in aromatics, amide I (C=O 
stretching) and amide II groups (N—H bending and C—N stretching) in proteins. Absorption peaks at 
1546, 1454, 1401, and 1242 cm-1 confirmed (N—H) of amide II of proteins; (O—H) of carboxylic acids, 
the CO2 stretch of carboxylates; v(O—C—O) of coordinated carboxylate groups; and v(C—O) of 
carboxylic acid and the v(C—N) of amides, respectively [24]. The fingerprint region between 1200 cm–1 
to 1000 cm–1 with a peak maximum appearing near 1085 cm–1 is an IR marker for sugars. However, this 
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region may also represent signals (or overlaps with signals) resulting from other motions such as P=O 
symmetric stretching vibration of nucleic acids [25]. Signals downfield of 1000 cm–1 are most likely 
aromatic structures such as those found in proteins.  
After Cd-loading, the relative intensities of all primary adsorption peaks associated with major 
biochemical functional groups have decreased, providing insights into the biochemical array that is either 
directly or indirectly involved in metal sorption. A spectral shift from 1454 to 1384 cm–1 is a positive 
indicator for the interaction of Cd ions with COO– anions, and provides complementary evidence of the 
role of oxygen-containing bioligands in the adsorption of metals. The precise mode or combination of 
mechanisms for Cd biosorption is still not well understood; however, there is evidence to further suggest 
that specific interactions between dissolved Cd ions and chemically reactive anionic functional groups 
(e.g. carboxylic, hydroxyl, phosphoryl, and amino groups) associated with bacterial cells [6,12,16] is a 
primary mechanism. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. FT-IR spectra of (a) lyophilized soil microbial biomass and (b) Cd-loaded soil microbial biomass. Absorption peaks have 
been assigned in the text and should only be considered as predominant species (not all species) in each area. 
Figure 4 illustrates the stacked infrared spectra of M-Cd, M-microbial and M-microbial-Cd 
interactions with that of pure M for comparison. The infrared spectrum of the unaltered M (Fig. 4a) 
reveals a prominent band at 3440 cm–1 attributed to O—H stretching vibrations associated with various 
octahedral cations. However, the relative intensity of this band has decreased after Cd-loading, 
confirming the interaction of Cd ions with variable charged hydroxyl groups associated with octahedral 
cations and permanent charge sites on the surface of the mineral ([26]; Fig. 4b).The spectrum pure M also 
displays a characteristic absorption peak at 3626 cm–1 due to the O—H stretching vibration of the 
structural O—H groups in Al—O(OH) within the interlayer space of M. This peak remained relatively 
unchanged in the M-Cd complex, suggesting that its position is independent of Cd adsorption. A doublet 
at wavenumber 1086 and 1043 cm–1 in the spectrum of pure M is ascribed to Si—O stretching vibration 
of the tetrahedral sheet [27], while the adsorption peaks observed at 523 cm–1 and 468 cm–1 are attributed 
to Si—O—Al and Si—O—Si bending vibrations, respectively [27-28]. The bending vibrations at 917 cm–
1 (Al—OH—Al) and 844 cm–1 (Al—OH—Mg) suggest that Al is partially substituted with Mg in the 
octahedral sheets of M [29]. A small peak appearing near 1640 cm–1 is due to O—H stretching vibrations 
from H—O—H, and implies the adsorption of a small quantity of water to the clay mineral (Fig. 4a). 
After Cd adsorption, this peak has shifted to 1637 cm–1 accompanied by a weak shoulder near 1698 cm–1 
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(Fig. 4b). We posit that this new feature is most likely due to the interaction of Cd with hydroxyl groups 
of residual water on the mineral surfaces. An adsorption peak that is clearly distinguished at 1384 cm–1, 
but did not appear in the infrared spectrum of pure M, may be due to the interaction of Cd ions with 
oxygen-containing ligands other than carboxylate anions as is reported for microbial-Cd interactions (Fig. 
3b).  
The infrared spectra of M-biomass and M-biomass-Cd (Fig. 4c and d) also display notable 
modifications relative to that of pure M. For instance, the O—H stretching band at 3626 cm–1 is now 
perturbed, indicating the role of hydrogen bonding, cation-bridging of interlayer cations [30], and/or 
interactions of the hydroxyl groups with protonated species (such as amino groups) present on bacterial 
cell surfaces and EPS. The C—Hx stretching region (3000 cm–1 to 2700 cm–1) provides evidence of the 
adsorption of aliphatic structures onto the surfaces of the mineral. In this region, the bands positioned at 
2916 and 2848 cm–1 correspond to asymmetric and symmetric CH2 stretching modes of aliphatics, 
respectively, while symmetric and asymmetric C—H stretching of terminal CH3 groups (such as those 
found in methyl-rich amino acids) is present at 2960 and 2867 cm–1, respectively [24]. We surmise that 
the adsorption of such structures could produce a transient shift in the surface chemistry of M from 
hydrophilic to hydrophobic. In this scenario, M would be restricted in its ability to complex with more 
polar microbial components such as proteins/peptides. However, the relative intensity of the bands 
attributed to functionalities in proteins from bacterial cells (1800 to 1200 cm–1) would suggest a 
significant contribution from nitrogen-rich components in clay-organo interactions. Therefore, we 
speculate that the adsorption of microbes to M is initiated by hydrophilic functional groups followed by 
association of the hydrophobic tail of the molecule with the clay surfaces. It is also interesting to note, 
that the presence of microbial-derived components on M supports our inference that microbes enhanced 
the Cd-binding capacity of the mineral.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4. FT-IR spectra of (a) pure M, (b) M-Cd complex, (c) M-microbial complex, and (d) M-microbial-Cd complex.  
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It should also be highlighted, that the O—H stretching vibration (1640 cm–1) no longer appears as a 
discrete band due to overlapping and broadening of the OH band by the C=O stretching bands in amide I 
(1655 cm–1) and esters (1745 cm–1). The appearance of a band at 1384 cm–1 in Fig. 4d has previously been 
discussed. The doublet of Si—O stretching vibration (1086 and 1043 cm–1) and Al—OH—Al bending 
vibration (917 cm–1) observed for the pure M have now shifted to 1090 and 1047 cm–1, and 914 cm–1, 
respectively for all M-complexes. When considered together, these band shifts would suggest that 
microbial biomass and Cd ions have intercalated the interlayer space of M as first verified by XRD 
patterns (Fig. 2). Xe et al. [23] have reported similar spectral shifts for intercalated M.  
Nuclear magnetic resonance spectroscopy is a useful technique to probe the chemical environment of 
various environmental samples, and has been applied to assess the metal binding affinity of M-microbial 
complex for diamagnetic Cd ions. The 1H HR-MAS NMR spectra of (A) microbes, (B) M-microbial 
complex, (C) microbial-Cd complex and (D) M-microbial-Cd complex are shown in Fig. 5 and provide 
substantial complementary molecular-level information about the adsorption process. Spectral 
assignments of major biochemical groups have been assigned [10,31]. The regions highlighted in brackets 
(applicable to all spectra) represent the predominant species (smaller contributions from other species will 
resonate in some regions) and may be broadly defined as follows; (1) amide signals in proteins, (2) 
signals from aromatic rings including aromatic amino acid residues, (3) anomeric protons from 
carbohydrates and protons in double bonds, (4) protons on  carbon in peptides, (5) protons in 
carbohydrates and protons  to an ester, (6) signals from various substituted methylenes and methines  to 
a functionality in hydrocarbons, signals from some amino acid side chains will also resonate here, (7) 
polymethylenic [(CH2)n] chain in lipids, and (8) terminal CH3 in lipids and amino acids. **DMSO.   
It is evident that all biochemical components that resonate in the starting biomass spectrum (Fig. 5a) 
are also present in all the complexes even after numerous (five) rigorous water washes, indicating that the 
complexes remained intact and are stable (Fig. 5b, c and d). It is also apparent that all complexes are 
dominated by aliphatic components (region 7), including overlapping signals from protons  to a 
functionality in hydrocarbons (region 6). This would indicate that both M and Cd ions are preferentially 
adsorbed to aliphatic species present in the cell wall. These findings are in agreement with recent 
spectroscopic investigations demonstrating the aliphatic nature of clay-organo interactions [22]. The 
aliphatic signature of the 1H spectra of the complexes also confirms that Cd predominantly binds to 
microbes and M-microbial complex through oxygen-containing (polar) functionalities, in particular COO– 
groups as first suggested by infrared spectroscopy. This suggestion is favoured given the abundance of 
COO– groups associated with aliphatic components and esters resonating in the spectra.  
Although not as significant as aliphatic species, signals from protons in carbohydrates would suggest 
an important role of other oxygen-containing bioligands (OH) in the adsorption process. The 1H HR-MAS 
NMR spectra of the M-biotic complexes also indicate considerable contributions from proteins (regions 1 
and 2). This would suggest that, nitrogen-containing components and cyclic structures from microbial 
cells are also integral to the adsorption of M and dissolved metal ions. These findings are also in 
agreement with previous studies investigating clay-organo interactions [32-33] and the biosorption of 
metals by microbes [16]. Signals from terminal CH3 groups in Fig. 5b, c and d provide complementary 
evidence of the role of hydrophobic interactions in the adsorption process. When a spectrum has a very 
strong protein contribution (e.g. Fig. 5d), the CH3 signal is derived primarily from methyl rich amino 
acids (e.g. leucine); however, when the spectrum is dominated by aliphatic chains (e.g. Fig. 5b) a 
considerable contribution is from aliphatics [10,31]. 
 
 
 
 
124   Adrian Spence and Claion Robinson /  Procedia Environmental Sciences  18 ( 2013 )  114 – 126 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. I-D 1H HR-MAS NMR spectra of (a) soil microbial biomass, (b) M-microbial complex, (c) Cd-loaded microbial biomass, and 
(d) M-microbial-Cd complex. 
4. Conclusions 
In the present contribution a multi-analytical approach was employed to directly determine the local 
environment of dissolved Cd ions adsorbed to M in the presence of soil microbial biomass. There is 
spectro-chemical evidence to suggest that interactions with chemically reactive anionic functional groups 
associated with bacterial cells, hydrogen bonding, cation bridging, and ion-exchange are important 
mechanisms involved in the adsorption of metal ions to the external and interlayer surfaces of M in the 
presence of soil microbial biomass. Overall, these results provide conformation that M-microbial complex 
is important in the speciation of metals and may be used to provide better estimates of trace metal 
bioavailability in natural ecosystems as well as inform better attenuation strategies for metal contaminated 
soils. Note however, that although M-microbial complex display a strong adsorption affinity for dissolved 
Cd ions, Cd-speciation may vary in soil environments due to different mineral surface chemistries, the 
dynamics of organo-mineral interactions, microbial population, the structural form (Gram-positive or 
Gram-negative) of bacterial cells as well as microbial activities and stoichiometry. Isotope dilution mass 
spectrometry (IDMS) is considered by some geochemists as the gold standard of assessing the 
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bioavailability of metal ions in soils and should be the focus of future work investigating the speciation of 
metal ions on clay minerals in the presence of soil microbial biomass.  
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